So far cyclodextrin have been the most popular and successful scaŠold for creation of enzyme mimics and models. In this paper the literature describing cyclodextrin derivatives that perform Michaelis-Menten kinetics is reviewed.
A. Introduction
The mildness, selectivity and speed of biochemical processes greatly exceed ordinary chemical reactions. This e‹ciency is achieved exclusively by enzyme catalysis. Enzymes use binding and proximity eŠects to achieve astounding rate enhancements (up to 10 19 ) for speciˆc reactions and substrates (1) . It would be highly desirable if chemists could mimic the enzyme catalytic process and learn how to create catalysts for otherwise impossible processes. This worthwhile but di‹cult objective has been pursued for many years (2); nevertheless the number of synthetic compounds that actually can perform enzyme catalysis is still surprisingly small, especially compared to the large number of catalytic organic compounds.
Enzyme models, or artiˆcial enzymes, are built from a supramolecular host that is modiˆed with one or more functional groups. For such ensemble to work as intended, a guest bound in the host must, due to proximity to the functional group, undergo a reaction. Cyclodextrins ( Fig. 1 ) have been the most popular and successful host component of artiˆcial enzymes due to their water solubility, their ability to bind many types of compounds with a binding constant similar to typical enzyme-substrate binding, their ready availability and their non-toxicity. Indeed cyclodextrins themselves can display enzyme catalysis for reactions where their innate hydroxyl groups may function as catalytic groups. In this paper we wish to review the cases to date where modiˆed cyclodextrin derivatives have actually functioned as artiˆcial enzymes. Since enzyme catalysis are characterized by following Michaelis-Menten kinetics, we have decided in this minireview to limit literature coverage to cyclodextrin derivatives that have actually been shown to perform catalysis with kinetics according to Michaelis-Menten.
The enzyme-like behavior of native cyclodextrins will not be covered either. This catalysis is most pronounced towards esters, but it occurs at extreme pH and is not real catalysis (3) but rather a transesteriˆcation with a cyclodextrin alkoxide. For the same reason modied cyclodextrins that are owe their activity to the reactivity of cyclodextrin hydroxyls in esteriˆcation reactions is not discussed here either (4), as the focus is cyclodextrin derivatives that become catalytic due to the function of the added functional group.
B. Cyclodextrin imidazoles
Imidazole, as part of the amino acid histidine, is an important functional group in the active site of enzymes such as proteases. It is therefore not surprising that much eŠort has been devoted to attaching imidazole groups to cyclodextrins, and the resulting cyclodextrin imidazoles perform enzyme catalysis on hydrolytic reactions. Some of the simplest compounds to prepare, the N-alkylated derivatives 1, 2 and 3, are obtained by substitution of the b-cyclodextrin 6-or 2-monotosylate (Fig. 2) , and for the latter two compounds through intermediacy of an 2,3-epoxide resulting in 3 having the D-altro stereochemistry at the imidazoyl substituted monosaccharide (5, 6) . The imidazoyl groups in these derivatives are presumably nucleophilic, since N-methyl imidazole has a pKa of 7.4 and thus is 100 times more basic than pyridine. At the same time the imidazole is only partially protonated at Scheme 1. The ester hydrolysis reaction and some of the most common substrates hydrolysed by artiˆcial enzymes. physiological pH. Compounds 1 and 2 act as esterase mimics catalyzing the hydrolysis of p-nitrophenyl acetate in buŠer at pH 7.5 with a rate that is 20 or 1400 fold higher than b-cyclodextrin itself (Scheme 1) (5). Towards an aminoacid substrate these compounds display stereoselectivity: The 6-isomer 1 catalyze the hydrolysis of pnitrophenyl N-Boc D-alanate 10 times faster than it does the L-enantiomer. The 3-isomer 3 displays the same overall stereoselectivity, but to a lower degree (6 fold). Thesè chemzymes' show a rather low k cat /k uncat of not more than 50 and Km values below 1 mM (6).
The corresponding regioisomeric diimidazoles 4-6 ( Fig. 2) has likewise been investigated in these reactions and been compared with 1 (7). They displayed very good and similar catalysis with kcat/kuncat of 200-3000 (Km values 0.7-3.9 mM) and selectivity for D-alanine over L-alanine esters (Scheme 1).
Breslows group have studied the diimidazoles 4-6 ( Fig. 2 ) and shown they catalyze the hydrolysis of 4-tertbutylcatechol 1,2-cyclicphosphate selectively to the 2-monophosphate (Scheme 2) (8) . Hydrolysis by base leads to a mixture. The A, C isomer 5 is a better catalyst than the A, D isomer 6 (9) and the A, B isomer 4 is by far the best catalyst (10, 11) . The kcat/kuncat ratio of 4 is however only 120. The a-and g-cyclodextrin analogues of 4 were also investigated, but gave poor results (12) . Scheme 2. Selective phophate hydrolysis of chatechol cyclic phosphate is catalyzed by cyclodextrin diimidazoles, such as 4 (giving 2-phophate) and 9 (giving 1-phophate). The imidazole has also been attached to the cyclodextrin at it's C4-carbon, which is a more`histidinelike' manner. The imidazole has a pKa of 7.0 in these compounds. Ueno et al. showed that 7 and 8 ( Fig. 2) catalyzed the hydrolysis of p-nitrophenyl acetate with a rate enhancement of 38 and 13 fold, and Km of 8.9 and 14.9 mM, respectively (13). Breslow et al. has studied 7 and diimidazole 9 in their phosphatase reaction (hydrolysis of 4-tertbutylcatechol 1,2-cyclicphosphate) and found that, albeit kcat/kuncat is only 2-8, the product obtained from the catalyzed reaction is exclusively the 1-phosphate (Scheme 2) and thus the opposite product than obtained with 4 (9).
Ikeda et al. conjugated histamine to the cyclodextrin and studied 10. This compound catalyzed the hydrolysis of p-nitrophenyl acetate at pH 6.8 with turnover and higher rate than cyclodextrin and histamine alone or combined (14) . It also has a kcat that is 17 fold higher than 6-amino-6-deoxy-b-cyclodextrin. The compound can catalyze the hydrolysis of amino acid aryl esters and showed preference for the substrate N-Boc-asparagine nitrophenyl ester (15) . Benders group found that the a-cyclodextrin analogue of 10, where histamine is substituted on the 3-position (rather than 6-position) increased the rate of pnitrophenyl acetate hydrolysis (Scheme 1) 60-80 fold compared to a-cyclodextrin itself (16).
Tabushi et al. have studied the diimidazole 11 ( Fig.  2 , This compound was a mixture of AC and AD isomer with 82z AC) They showed that 11 in a complex with Zn 2＋ catalyzed the hydration of carbon dioxide. The Zn complex of 5 or 6 were less e‹cient (17, 18) .
The partially methylated b-cyclodextrin imidazole 12 ( Fig. 3) has been studied by H. Ikeda et al in a series of papers. They found that at pH 8.2 12 displayed a k cat /k uncat of 921 towards hydrolysis of p-nitrophenyl acetate (Scheme 1), while it was around 300 for the o-and mnitrophenyl acetate (19) . The rate increase was 9-fold larger when compared with 6-deoxy-6-histaminyl cyclodextrin 10 ( Fig. 2) (20) . The speciˆcity of 12 towards a series of amino acid esters was also investigated. It was found that substrates that bound well to the cavity, like p-nitrophenyl Boc alanate and leucinate, were the best substrates (21) .
The dimeric cyclodextrin imidazole 13 has also been made with the purpose of creating an artiˆcial enzyme with preference for hydrolysis of p-nitrophenyl esters of long chain carboxylic acids ( Fig. 3) (22) . This idea was only partially successful as 13 had a lower kcat than 10 the hydrolysis of esters of acetate, propanoate, hexanoate and dodecanoate. However the kcat/Km value was higher for the hexanoate ester because 13 binds this compound very e‹ciently. Catalyst 13 was also compared with the two analogues where either of the b-cyclodextrin residues had been replaced with a-cyclodextrin, but the homodimer 13 was the better catalyst (23) .
Cyclodextrin imidazoles 14-16 were intended to mimic the catalytic triad of a serine protease (Fig. 3 ) (24, 25) . These compounds catalyze the hydrolysis of mtert-butylphenyl acetate at pH 10.7 with 15 being the better catalyst (26) . However at this high pH b-cyclodextrin itself actually reacts faster (27) .
C. Cyclodextrins with other heterocyclic groups
The thiazolium cyclodextrins 17-21 (Fig. 4 ) have been designed as catalyst for the benzoin condensation i.e. the self-coupling of benzaldehyde to benzoin (Scheme 3). Hilvert and Breslow investigatedˆrst 17, which did not catalyze benzoin condensation, but did catalyze deuteration of the aldehyde proton of benzaldehyde (28) . Subsequently it was found that the g-cyclodextrin analogue 18 (22) (23) or ester hydrolysis (24) (25) . In compound 25 the cyclodextrin is linked to a peptide, which structure is shown in single letter amino acid code. The peptide is acetylated at the N-terminal (Ac) and has an amide (NH 2 ) at the C-terminal. was a signiˆcantly better catalyst presumably because it canˆt two molecules of benzaldehyde into the cavity (29) . Compound 18 was able to catalyze benzoin condensation 150 fold faster than an ethyl thiazolium salt. The dimeric cyclodextrins with thiazolium linkers, 20 and 21, were studied by Ikeda et al. and compared with monocyclodextrin analogue 19 (Fig. 4) . All three compounds catalyzed the benzoin condensation with 20 being 4 fold better than 19 and 21 and 26 fold better than a simple thiazolium salt (30) .
Various cyclodextrin ‰avin conjugates have been prepared and investigated by D'Souza and collaborators. They showed that the a-cyclodextrin 22 (Fig. 5) could oxidize p-tert-butylbenzyl alcohol to the aldehyde (Scheme 4) at pH 1.7 under irradiation (31) . The artiˆcial enzyme increased the second order rate constant of the reaction 650 fold. Oxidation of nicotinamides was also studied. It was found that only the b-cyclodextrin analogue 23 displayed enzyme catalysis towards these substrates (32) . Both 22 and 23 catalyzed oxidation of thiols with modest rate accelerations (up to 50 fold) (33) . Almost the reverse situation is achieved when nicotinamide is attached to the cyclodextrin. Such a compound can reduce ninhydrin, but can not have turnover as it is expended (34) .
The iodosobenzene cyclodextrin 24 ( Fig. 5 ) and its 3 aromatic regioisomers have been found to catalyze hydrolysis of the phosphate ester paraoxon (diethyl pnitrophenyl phosphate) in an enzyme-like manner. Compound 24 was the best catalyst among these isomers (35) .
D. Cyclodextrins with basic or nucleophilic groups
Tsutsumi et al. have prepared several cyclodextrinpeptide hybrids linking one or two aminogroups at the primary rim of the cyclodextrin to peptides. The nonadecapeptide 25 (Fig. 5) catalyzed hydrolysis of pnitrophenyl acetate (Scheme 1) at pH 6.8 with a kcat/kuncat of 829 (36) . The glutamate-6 and the histidine were shown to be responsible for the hydrolysis (37) . A cyclodextrin carrying two peptide strands were found to be a better catalyst for amino acid hydrolysis than the analogue with one strand (38).
Fujita's group have prepared the 2-or 3-deoxy-thio cyclodextrins 26-28 which have the stereochemical conguration intact (Fig. 6 ) (39). These compounds are interesting because they can promote ester cleavage similar to native cyclodextrin but at much lower pH. The 3-suldes 26 and 27 were the better catalysts with the former having kcat/kuncat of 4000 for m-nitrophenyl acetate at pH 9, while the latter had kcat/kuncat of 500 for p-nitrophenyl acetate (Scheme 1). The catalytic e‹ciency of compound 27 have also been compared to an analogue having a 3,2?-anhydro ring in the cyclodextrin moiety, which against mnitrophenyl acetate was a better substrate (40) .
The methylated aminocyclodextrins 29-31 ( Fig. 6 ) display Michaelis Menten kinetics for the decarboxylation of oxaloacetate even though this substrate presumably is not bound in the cyclodextrin cavity (41) . The b-cyclodextrin 30 is the best catalyst. It is suggested that at the pH of the reaction (pH 5.0) two ammonium groups interact the the carboxylates of oxaloacetate while an imine is formed by a third amino group accounting for the tight binding and leading smooth decarboxylation.
Aminocyclodextrins have also been found to catalyze the Kemp elimination i.e. the elimination of benzisoxazole to o-cyanophenol (Scheme 5). Among the heptaamines 32-35 (Fig. 6 ) the secondary amine 33 was found to be the best catalyst aŠording a kcat/kuncat of 3670 at pH 7.4 (42) .
Randomly hydroxypropylated cyclodextrins have been shown to catalyze the hydroxylation of phenol with formaldehyde into hydroxybenzylalcohol (43) . The rate acceleration is modest, but the para selectivity displayed by 36 is up to 16, while the uncatalyzed reaction of unmodiˆed cyclodextrins display a para:ortho ratio of 2-3 (44). 
E. Cyclodextrin acids
The cyclodextrin diacids 37 and 38 ( Fig. 7) have been found to catalyze the hydrolysis of nitrophenyl glycosides at pH 7.4 (Scheme 6). At low phosphate concentration (0.05 M) the rate acceleration is modest and the best catalysis was k cat /k uncat ＝35, which was found for hydrolysis of the 4-nitrophenyl b-D-glucopyranoside by 38 (45) . On the other hand, the catalyzed rate increased linearly with the phosphate concentration and at phosphate 0.5 M, pH 8.0 the kcat/kuncat was as high as 989 (46) . The catalysis is presumably caused by electrostatic stabilization of the transition state, since the carboxylate is required and the disulfate 39 also is a catalyst with a decent kcat/kuncat of 309. Theˆrst step of the reaction is presumably substitution with phosphate followed by hydrolysis.
Cleavage of glycosidic bonds is catalyzed even better by the cyclodextrin cyanohydrins 40 and 41 ( Fig. 7) (47). These compounds catalyzed the hydrolysis of aryl glycosides with a kcat/kuncat up to 8000 (Scheme 6) (48, 49) . The monocyanohydrin 43 also works (kcat/kuncat up to 1356), while the hydrated dialdehyde 42 and the bistri‰uoromethyl cyanohydrin 45 (50) function much less e‹ciently. No catalysis is displayed by cyclodextrin or dipropyl derivative 44 and therefore the cyanohydrin is believed to act as a general acid catalyst. The hybrids between cyanohydrins and carboxylic acid, 46 and 47 have also been prepared with the intent to combine general acid with nucleophilic catalysis (Fig. 7) . However both carboxylic acids promoted a time-dependant decomposition of the cyanohydrins to aldehyde (51).
F. Cyclodextrin ketones
The bridged cyclodextrin ketones 48-50 have been designed to catalyze oxidation reactions (Fig. 8) (52,53) . It was found that 49 (and 48) catalyze the oxidation of amines to nitroso, nitro or azo compounds by hydrogen peroxide in buŠer at pH 7.0 (54). The rate acceleration (kcat/kuncat) is up to 1070. These catalyst were also found to oxidise benzylic alcohols to aldehydes (Scheme 4) under these mild conditions and in this case kcat/kuncat was up to 62.900 (55) . Similarly, secondary alcohols are oxidized to ketones. Neither cyclodextrin itself, acetone or the diketone 52 catalyze these reactions. In the suggested mechanism hydrogen peroxide initially binds covalently to the ketone and then oxidizes the cavity bound substrate. Compound 50 is a considerably less eŠective catalyst than 48 suggesting that the electronic in‰uence of the esters are beneˆcial for the catalysis (56) . The methylated analogue of 50, 51 was less active than 50, while the B, E substituted analogues 54 and 55 displayed catalysis towards amine oxidation at a similar level. Other bridged cyclodextrins have been investigated, but generally displayed poor catalysis (57). Unlike 52 the electron-withdrawing diketone 53 also catalyze the reaction, but less eŠectively (50).
G. Cyclodextrin metal complexes
Akkaya and Czarnik have prepared the cyclodex- Fig. 9 . The structure of cyclodextrin metal complexes 56-58 that catalyzes ester hydrolysis. trin cobalt(III) complex 56 and the analogue with the azacrown attached to the 2-position of the cyclodextrin (Fig. 9 ). Compound 56 catalyze ester hydrolysis at neutral pH with a kcat/kuncat of 2900 at pH 7.0, but the cobalt complex itself is actually 20 timer better (58) . The ability of the dicyclodextrin copper complex 57 ( Fig. 9) to catalyze ester hydrolysis have also been studied. The complex catalyzed the hydrolysis of p-nitrophenyl benzoate (Scheme 1) marginally faster than the ligand at pH 10.7 (59) . The Nickel complex 58 was a more e‹cent catalyst of ester hydrolysis as it could accelerate the hydrolysis of p-nitrophenyl acetate more than a 1000 fold. However the acceleration over the analogeous`cyclodextrin-free' complex was only 4 fold (60) . Related to this is the work of Suh and collaborators on polyamine cyclodextrin conjugates. They found that these conjugates catalyzed the hydrolysis of esters in the presence of metal ions in particular Zn (61).
Breslow and Nesnas have prepared the Zinc phenanthroline complex 59 ( Fig. 10 ) and shown that this compound catalyze p-nitrophenyl acetate hydrolysis at pH 7.0 with kcat/kuncat of 22600, which however drops to 2800 after an initial burst fase. This phenomenon is explained as a result of a change in rate limiting step from acylation to deacylation. The isomer of 59 with complex attached to the primary rim is less e‹cient (62) .
This work presumably led Mao's group to investigate the dicyclodextrin phenanthroline Zinc complex 60 (Fig. 10) . This compound was an excellent catalyst of bis(p-nitrophenyl) carbonate aŠording a kcat/kuncat of 38900, while the corresponding rate-enhancement with pnitrophenyl acetate was only 42 (63) . A Zn complex based on this biscyclodextrin phenanthroline and a p-tert-butylphenyl triethylentriamine presumably bound non-covalently to one of the cyclodextrin moieties, have also been found to catalyze the hydrolysis of p-nitrophenyl acetate (64) .
The cyclodextrin dithiocarbamates copper complexes 61 and 62 ( Fig. 10 ) display a considerable esterase activity at pH 9. The rate acceleration for hydrolysis of pnitrophenyl acetate is 515 and 320, which is 3-4 fold higher than the ligand without copper (65).
Breslow's group have shown that the bipyridine copper complexes 63 and 64 ( Fig. 11) are outstanding esterase mimics at pH 7.0. The primary rim linked 63 displayed high k cat /k uncat values for catalysis of esters with two lipophilic groups. The highest acceleration of rate was seen for the substrate p-( p-tert-butylphenyl)-nitrophenyl 3-adamantylpropargylate, which hydrolyse 14.500.000 times faster inside the cavity of 63 (66). The highly analogues 64 was found to cause a 1350 fold rate acceleration for the hydrolysis of the unactivated ester substrate p-tertbutylbenzyl 4-( p-tert-butylbenzyldimethylammonium) butyrate (67) . The lanthanide analogue of 63 has been found to catalyze the oxidative phosphorolysis of bis(pnitrophenyl)phosphate (68) .
H. Conclusion
Though the number of examples where cyclodextrin derivatives perform catalysis or`enzyme-like' reactions is substantially larger than the work covered in this mini-review (see reviews (2a,2f)), it is nevertheless striking that the number of cases where enzyme kinetics have in fact been demonstrated is quite small. The number of diŠerent reactions that has been catalyzed is also rather limited. Table 1 summarizes the best rate accelerations obtained with the diŠerent reaction types. The most studied reaction type, ester hydrolysis, has by far the best artiˆcial enzyme, the Copper biscyclodextrin 63. This catalyst displays truly enzyme-like rate accelerations. The benzylic oxidation catalyzed by 49 is also very promising. Third rated in terms of rate acceleration is the glycoside hydrolysis catalyst 41. These three artiˆcial enzymes all poses limitations to binding mode of substrate and degrees of freedom of the catalyst-substrate complex, which undoubtedly will be important for future design of such`chemzymes'. 
